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(54) System and method for monitoring laser shock processing

(57) A method and system (14) for monitoring laser
shock peening of a work piece (18). A line spectrum is
obtained from radiation emitted by a plasma (32) pro-
duced by a laser shock peening process. The shape of
the line spectrum about its emission peak is compared
to a defined line shape to verify proper operation of the
laser shock peening process. The line shape may be a

Lorentzian line shape corresponding to a desired line
shape. The line shape may a Gaussian line shape cor-
responding to an undesired line shape. The system (14)
can also detect the failure mode that occurs when the
opaque layer (22) is broken through by detecting the plas-
ma spectral component produced by the work piece ma-
terial, along with the plasma produced by the opaque
layer.
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Description

[0001] The invention relates generally to process monitoring during laser treatment of a metallic surface, and in
particular to real-time monitoring of a laser shock peening process by analyzing laser plasma emissions.
[0002] Laser shock peening (LSP), also referred to as laser shock processing, is an effective way of improving fatigue
life of a metal work piece. Presently LSP finds wide application in the aerospace and automotive industries as a method
for improving the fatigue properties of various metallic components, such as aluminum alloys, steel alloys, titanium based
alloys, and nickel based alloys, among others.
[0003] Generally, in LSP, a surface of the work piece is covered by an opaque layer and a transparent overlay. The
opaque layer may include a black plastic tape or a black paint coated on the surface of the work piece. The transparent
overlay generally comprises a layer of water disposed adjacent to the opaque layer. During the process, a high-power
pulsed laser beam is focused onto the surface of the work piece. The laser pulse passes through the transparent overlay
and is absorbed by the opaque layer, causing a rapid ablation of the opaque layer producing a plasma. The blow-off of
the plasma from the surface of the work piece generates a high-amplitude pressure shock wave. The pressure shock
wave travels in two directions: First, a compressive wave travels through the opaque layer into the work piece. Second,
a shock wave is reflected from the tape and travels backward through the transparent layer. Due to shock impedance
mismatch, this backward traveling wave is reflected by the transparent layer toward the work piece. The shock waves
ultimately combine to impart plastic strain to the work piece. This results in the deformation of the work piece and imparts
compressive residual stresses, which remain following processing. It is these compressive residual stresses in the work
piece, which effectively reduce crack propagation rates in the work piece and, thus, improves ftaigue properties of the
work piece.
[0004] If the pressure produced by the laser is insufficient, the desired changes in mechanical properties of the work
piece will not be achieved. Therefore, it is desirable to have the capability of monitoring the pressure and shock wave
strength during the LSP process. One approach known in the art involves using a quartz gauge for pressure measurements
during laser shock processing. A quartz gauge is based on the piezoelectric behavior of quartz crystals. In this technique,
a quartz crystal is disposed on one surface of the work piece to be processed. When a pressure shock wave is applied
to a surface of the quartz crystal by a laser pulse, an electric current proportional to the stress difference between the
affected surface and the opposite surface is produced by the quartz crystal. The current flows through a resistor and
the voltage measured across the resistor is proportional to the pressure response. By analyzing the pressure response
of the quartz crystal, it is possible to determine shock-wave pressure produced on the work piece during the actual
process. However this approach is disadvantageous because it is indirect and is performed offline, i.e. not in real-time.
Moreover, such an approach is expensive, as the quartz crystal needs to be replaced after every laser shot.
[0005] Another technique to determine the quality of an LSP process includes performing accelerated fatigue test on
a work piece after the work piece has been processed. However, since the LSP process and the work piece material
are expensive, it is possible to sample only a limited number of parts for an accelerated fatigue test.
[0006] There is, hence, a need for a system and method for monitoring a laser shock peening process, which is
inexpensive and is operable substantially in real-time.
[0007] In one aspect of the present invention, a method of monitoring a laser shock peening process is provided. In
accordance with the method, a line spectrum is produced of radiation emitted from a plasma produced by a laser shock
peening system. The line spectrum is converted into a signal representative of the line spectrum. The signal representative
of the line spectrum is further converted into a graphical representation of the line spectrum, and a curve fit is performed
for this graphical representation. A line broadening in the curve fit of the graphical representation of the line spectrum
is then compared to a line broadening in the graphical representation of the line spectrum, to establish whether the line
spectrum corresponds to a desired line spectrum.
[0008] In another aspect of the invention, a method of monitoring laser shock peening process is provided. In accord-
ance with the method, a line spectrum is produced of radiation emitted from a plasma produced by the laser shock
peening process. At least one of wavelength or frequency of an emission peak in the line spectrum of radiation emitted
from the plasma is then compared with at least one of wavelength or frequency of an emission peak in an expected line
spectrum of radiation emitted from a material of the work piece, to verify that at least a portion of the laser induced
plasma is produced from the work piece material.
[0009] In yet another aspect, a laser shock peening system is provided. The system includes a pulsed laser, a spec-
trometer and a spectrum analyzer. The pulsed laser is operable to direct a pulsed laser beam toward an opaque layer
disposed on a surface of a work piece. The spectrometer is operable to produce a line spectrum of radiation emitted by
a plasma produced when the pulsed laser strikes the opaque layer. The spectrum analyzer is operable to compare line
broadening of the line spectrum about an emission peak with line broadening about a peak in a defined line shape.
[0010] These and other features, aspects, and advantages of the present invention will become better understood
when the following detailed description is read with reference to the accompanying drawings in which like characters
represent like parts throughout the drawings, wherein:
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Figure 1 is a schematic representation of a laser shock peening system according to aspects of the present technique;

Figure 2 is a graphical illustration of a representative line spectrum around a specific wavelength λ0 of plasma
radiation produced in an LSP process.

Figure 3 is a comparative graphical illustration of a line spectrum around a specific wavelength λ0 for an LSP process
having a transparent layer confinement over a work piece, and a Lorentzian curve fit of the same;

Figure 4 is a comparative graphical illustration of a line spectrum around a specific wavelength λ0for an LSP process
having a transparent layer confinement over a work piece, and a Gaussian curve fit of the same;

Figure 5 is a comparative graphical illustration of a line spectrum around a specific wavelength λ0 for an LSP process
without a transparent layer confinement over a work piece, and a Lorentzian curve fit of the same;

Figure 6 is a comparative graphical illustration of a line spectrum for an LSP process without a transparent layer
confinement over a work piece, and a Gaussian curve fit of the same; and

Figures 7 - 9 are graphical illustrations of line spectra of radiation produced by laser induced plasma, in case of a
burn-through of the opaque layer.

[0011] As discussed in some detail hereinafter, the present technique provides a non-intrusive, real-time monitoring
of a laser shock peening process, which is substantially free from environmental influences. The technique described
is based on analysis of line broadening of plasma emission during an LSP process, so as to control the quality of every
laser shot in real-time.
[0012] Referring now to Figure 1, a laser shock peening system 10 is illustrated. The illustrated laser shock peening
system 10 comprises a laser shock peening unit 12 and a monitoring system 14. The laser shock peening unit 12 is
controlled by a process control system 16 that is in communication with the monitoring system 14. The process control
system 16 is adapted to adjust process parameters of the laser shock peening unit 12 based upon a signal received
from the monitoring system 14.
[0013] As illustrated in the figure, the laser shock peening unit 12 comprises a work piece 18 held in position by a
holder 20. An opaque overlay 22 and a transparent overlay 24 are applied to one surface of the work piece 18. The
opaque overlay 22 may include, for example, a black tape or a black paint coated on one surface of the work piece 18.
In this embodiment, the transparent overlay 24 comprises a film of running water delivered, for example, by a flow
circulating device 25, such as, a pump. The transparent overlay 24 is disposed adjacent to the opaque overlay 22.
However, the transparent overlay 24 may comprise another material, such as a transparent tape. The above-described
arrangement may be oriented vertically, or at any desired angle with respect to the vertical.
[0014] During the process, a pulsed laser beam 26 is directed from a pulsed laser 28 onto the work piece 18. The
laser 28 may comprise, for example, a pulsed Nd:YAG laser or a Nd:Glass laser. However, it is understood that other
pulsed lasers may be used to perform laser shock peening. A lens 30 may be used to focus the laser beam 26 onto the
work piece 18. The laser beam 26 passes through the transparent layer 24 and is absorbed by the opaque layer 22.
The intensity of the focused laser beam causes the opaque layer 22 to vaporize, producing a plasma 32. The temperature
at which the opaque layer 22 vaporizes may be on the order of 10,000 K. The plasma expansion is confined substantially
by the transparent overlay 24, resulting in a pressure pulse that is reflected from the transparent layer 24 back towards
the work piece 18. The pressure pulse caused by this reflected wave superimposes with a forward traveling shock wave
produced by an initial ablation of the opaque layer 22 and causes the work piece 18 to deform, which imparts deep
compressive stresses within the work piece 18. It has been observed that the magnitude of the pressure pulse is higher
when the plasma expansion is confined by a transparent overlay, such as the water layer described above, than without
a transparent overlay.
[0015] The plasma 32 produced by the vaporization of the opaque layer 22 produces an emission of light 34. According
to the present technique, light from these spectral emissions 34, also referred to as plasma emissions, is focused by a
lens 36 into an entrance slit of a spectrometer 38. A spectrometer 38 is an instrument for measuring spectral intensity
of light at a predefined wavelength range. The spectral emissions 34 are dispersed into their constituent wavelengths
by the spectrometer. An image of the spectrum of light produced in the spectrometer 38 is taken by a camera 40. The
camera 40 may include a gated-intensified charge-coupled device (CCD), or a complimentary metal oxide semiconductor
(CMOS) camera, amongst other image recording devices. The image from the camera 40 is fed to a spectrum analyzer
42 for an analysis of the spectral emissions captured by the image. In one embodiment, the spectrum analyzer 42 is
configured to generate a line spectrum of the plasma emission 34 based on light intensity data captured in the image
taken by the camera 40. The spectrum analyzer 42 may include, for example, a processing unit, which implements an
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executable software code. The spectrum analyzer 42 may include a monitor for visual display of results. In one embod-
iment, the spectrum analyzer is a computer with special data processing software which enables a computer to perform
an analysis of the spectral emissions captured by the image from the camera 40..
[0016] Figure 2 illustrates an example of a line spectrum, represented by reference numeral 44, of light received from
a plasma produced by a laser shock peening process. The line spectrum 44 has an emission peak 46 at a specific
wavelength (λ0). However, rather than simply being a straight line at the specific wavelength (λ0), the line spectrum 44
has a general bell-shape. The bell-shape of the line spectrum 44 around the emission peak 46 is referred to as line
broadening. There are several effects that cause the spectral line to broaden around the spectral peak in a plasma
emission, such as: natural broadening, thermal broadening, collisional broadening, and Stark broadening.
[0017] Natural line broadening results from the fact that excited levels of atoms have certain mean lives, and these
mean lives, by virtue of the Heisenberg’s uncertainty principle, imply a spread in the energy values. The spread in energy
values of the excited atoms causes light of different wavelengths to be emitted. Natural line broadening generally results
in a spectral emission having a Lorentzian line shape. Since an LSP process generally produces line spectra that have
lifetimes of hundreds of nanoseconds, natural line broadening is on the order of one megahertz. Hence, the effect of
natural line broadening is generally insignificant in LSP processes. Thermal broadening is caused by the Doppler fre-
quency shift of the moving particles at high temperatures, and produces a spectral emission having a Gaussian line
shape. Collisional broadening of spectral emissions occurs due to the high pressure of ions and neutrals, and has a
Lorentzian line shape. Stark broadening is caused by interaction among electrons or particles with a strong permanent
electrical dipole moment and is indicative of the number density of electrons in an area. Stark broadening is also Lorentzian
in line shape.
[0018] The operating conditions of the laser shock peening process will determine which of these line broadening
factors dominates the emission line produced by the LSP system 10. For example, if the LSP system 10 is operating
properly, the transparent overlay 24 confines the plasma 32 and the resulting pressure is high in the confined volume.
In such a case, the collisional broadening and the Stark broadening dominate the line broadening factors. As a result,
the line emission has a substantially Lorentzian line shape. Conversely, if the system is not operating properly, such as
in the event of a loss of water confinement over the work piece, the plasma at a high temperature is not confined. In
such a case, the line broadening is influenced by both temperature and pressure, such that thermal broadening is a
factor and the line broadening has a Voigt line shape, or a convolution between Gaussian and Lorentzian line shapes.
[0019] Hence, it is possible to determine if the system is operating properly by comparing the shape of the emission
line produced by the LSP system 10 with a Lorentzian curve fit of the emission line. In addition, as will be discussed
below, the magnitude of the pressure pulse applied on the work piece may be determined by determining the closeness
of the line broadening in the LSP process to a Lorentzian line shape. A Lorentzian line shape conforms to the following
equation: 

where: a0 is amplitude of the peak at the wavelength K0;
a1 is the central wavelength K0 of the peak; and
a2 is the width of the spectral emission about wavelength K0.
[0020] A Gaussian line shape corresponds to the following equation: 

where: a0 is amplitude of the peak at the wavelength K0;
a1 is the central wavelength K0 of the peak; and
a2 is the width of the spectral emission about wavelength K0.
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[0021] Referring generally to Figures 3-6, the spectrum analyzer 42 in the illustrated embodiment is adapted to de-
termine the closeness of the line broadening during the LSP process to a Lorentzian line shape and a Gaussian line
shape. Conformity of the emission spectrum with the Lorentzian line shape is indicative of proper operation of the LSP
process, whereas a lack of conformity with the Lorentzian line shape and conformity with a Gaussian line shape are
indicative of an improper operating condition in the LSP process. The spectrum analyzer 42 is adapted to compute a
parameter indicative of the closeness of the emission spectrum to a Lorentzian curve fit or a Gaussian curve fit of the
emission spectrum and transmit the signal to the process control system 16. Such a parameter may include, for example
a coefficient of multiple determination or R2 value. However, other statistical evaluations of the closeness of the fit of
the curve to the emission spectrum may be used for comparison. In addition, the spectrum analyzer may compare the
coefficient of multiple determination from the Lorentzian curve fit to the coefficient of multiple determination of the
Gaussian curve fit. If the coefficient of multiple determination of the Lorentzian curve fit is greater than the coefficient of
multiple determination of the Gaussian curve fit, then the line broadening is closer to Lorentzian than Gaussian. The
process control system 16 may stop operation of the LSP system 10 or alter the operation of one or more components
of the LSP system 10 based on the analysis of the data.
[0022] Referring generally to Figures 3 and 4, an example of an emission spectrum 48 produced by an LSP system
that is operating correctly is illustrated. The emission spectrum 48 has a peak 50 at a wavelength (λo). Figure 3 illustrates
a Lorentzian curve fit 52 of the emission line 48 and Figure 4 illustrates a Gaussian curve fit 54 of the emission line 48.
In this embodiment, the intensity of the laser beam 26 and the confinement of the layer of water 24 is sufficient to produce
a plasma 32 having a sufficient pressure to enable the collisional broadening and the Stark broadening to dominate the
line broadening factors. As a result, the Lorentzian curve 52 illustrated in Figure 3 exhibits a reasonably high degree of
conformity with the emission spectrum 48. Conversely, the emission spectrum 48 does not exhibit a high degree of
conformity with the Gaussian curve fit 54 of Figure 4. Because the emission spectrum 48 exhibits a high degree of
conformity with the Lorentzian curve fit 52 and not the Gaussian curve fit 54, the emission spectrum 48 evidences that
the LSP system 10 is operating properly, e.g., with the proper water confinement of the plasma.
[0023] Referring generally to Figures 5 and 6, an example of an emission spectrum 56 produced by an LSP system
that does not have proper water confinement is illustrated. The emission spectrum 56 has a peak 58 at a wavelength
(λo). Figure 5 illustrates a Lorentzian curve fit 60 of the emission line 48 and Figure 6 illustrates a Gaussian curve fit 62
of the emission line 48. In this embodiment, the intensity of the laser beam 26 or the confinement of the layer of water
24 does not enable the plasma 32 to achieve a sufficient pressure to enable collisional broadening and the Stark
broadening to dominate the line broadening factors. Instead, thermal broadening also influences the line broadening
factors. As a result, the Lorentzian curve 60 illustrated in Figure 5 does not exhibit a reasonably high degree of conformity
with the emission spectrum 56. Conversely, the emission spectrum 56 does exhibit some degree of conformity with the
Gaussian curve fit 54 of Figure 6. Because the emission spectrum 48 does not exhibit a high degree of conformity with
the Lorentzian curve fit 52 and does exhibit conformity with the Gaussian curve fit 54, the emission spectrum 48 evidences
that the LSP system 10 is not operating properly, e.g., the LSP system does not have proper water confinement of the
plasma.
[0024] Depending on the degree of closeness or conformity of the spectral line broadening with the Lorentzian line
shape, the process control system 16 may stop operation of the LSP system 10, generate an alarm, or modify the
operation of one or more components of the LSP system 10. For example, the control system 16 may be operable to
increase or decrease the laser energy, laser beam diameter at the work piece, the rise time, the pulse width of the laser
beam 26, or the thickness of the transparent layer 24 to provide the desired degree of conformity with the Lorentzian
line shape.
[0025] Referring generally to Figures 7-9, the present technique can also be used to detect a failure of the LSP process.
In particular, the present technique can be used to detect a burn-through of the opaque layer. In such a case, the opaque
layer 22 is vaporized to an extent such that portion of the laser beam 26 is incident directly on the work piece 18, resulting
in plasma emission also from the work piece material. As an example, Figure 7 shows a line spectrum 64 of plasma
spectral emission solely from the opaque layer, which has spectral peak at wavelength λ0 66, but no spectral peak at
wavelength λB. Figure 8 shows a line spectrum 68 of plasma spectral emission solely from the material of work piece,
which has a characteristic peak 70 at wavelength λB. Figure 9 illustrates a line spectrum 72 produced by a burn-through
of the opaque layer. As illustrated, the line spectrum 72 for the burn-through case comprises significant spectrum spectral
peaks76 and 78, which occur respectively at wavelength λB, which is a characteristic of work piece material, and at
wavelength λ0, which is a characteristic of the opaque material. A burn-through condition can thus be detected by the
presence of an emission peak 76 at a wavelength λB characteristic of the work piece material, along with the emission
peak 74 of the opaque layer, which occurs at wavelength λo. On detection of a burn-through, the control system 16 may
shut down the system 10 to enable the problem causing the burn-through to be corrected or may alter the operation of
the LSP system to correct this condition.
[0026] As can be appreciated, the present technique can be used to analyze every laser shot on the work piece directly
and in real time. Therefore, the quality of every laser shot can be guaranteed. Further, the technique described is
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non-intrusive, as it involves analysis of the laser induced plasma emission, which is a by-product of the LSP process.
Moreover, since the method uses line broadening of the plasma emission around an emission peak, and not the absolute
signal intensity at an exact wavelength, it is substantially free from environmental influences such as, for example,
fluctuations in room light or laser flashlamps, spectrometer absolute wavelength variation, or misalignment of the mon-
itoring system due to system vibration or other causes, amongst others.

Claims

1. A laser shock peening process monitoring method, comprising:

producing a line spectrum of radiation emitted from a plasma (32) produced by a laser shock peening system (10);
converting the line spectrum into a signal representative of the line spectrum;
converting the signal representative of the line spectrum into a graphical representation of the line spectrum;
producing a curve fit of the graphical representation of the line spectrum; and
comparing line broadening in the graphical representation of a line spectrum to line broadening in the curve fit
of the graphical representation of the line spectrum to establish whether the line spectrum corresponds to a
desired line spectrum.

2. The method as recited in claim 1, wherein producing a curve fit of the graphical representation of the line spectrum
comprises producing a Lorentzian curve fit of the line spectrum.

3. The method as recited in claim 2, wherein comparing line broadening in the graphical representation of a line
spectrum to line broadening in the curve fit of the graphical representation of the line spectrum comprises establishing
a coefficient of multiple determination of the Lorentzian curve fit of the line spectrum.

4. The method as recited in claim 3, comprising providing a control signal to the laser shock peening sytem when the
coefficient of multiple determination corresponding to the Lorentzian curve fit falls below a threshold amount.

5. The method as recited in claim 4, comprising adjusting a laser shock peening system operating parameter based
on receipt of the control signal.

6. The method as recited in claim 1, wherein producing a curve fit of the graphical represntation of the line spectrum
comprises producing a Gaussian curve fit of the line spectrum.

7. The method as recited in claim 6, wherein comparing line broadening in the graphical representation of a line
spectrum to line broadening in the curve fit of the graphical representation of the line spectrum comprises establishing
a coefficient of multiple determination of the Gaussian curve fit of the line spectrum.

8. The method as recited in claim 7, comprising providing a control signal to the laser shock peening sytem when the
coefficient of multiple determination corresponding to the Gaussian curve fit exceeds a threshold amount.

9. A laser shock peening monitoring method, comprising:

producing a line spectrum of radiation emitted by a laser induced plasma produced by a laser shock peening
system (10); and
comparing at least one of wavelength or frequency of an emission peak in the line spectrum of radiation emitted
from the plasma (32) with at least one of wavelength or frequency of an emission peak in an expected line
spectrum that is characteristic of radiation emitted from a material of the work piece (18) to verify that at least
a portion of the laser induced plasma (32) is produced from the material of the work piece (18).

10. The method as recited in claim 9, further comprising adjusting or stopping operation of the laser shock peening
system (10) when the plasma is produced from the work piece material.
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